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Abstract 


We introduce two co-designs of RF passive and active devices. By co-designing a 1.2 GHz oscillator with bandpass filters, 
the phase noise and harmonic suppression are improved. By co-designing a 220 GHz on-chip antenna with reflection 
amplifiers and driving amplifiers, the radiated power is enhanced. Then a historical review as well as outlook of the popular 
processes to implement antennas for mmWave and THz applications are given. Investigations go into the aspects of design, 
process and packaging. Great cost reduction is achieved when the Low Temperature Co-fired Ceramic (LTCC) process is 
replaced by the Liquid Crystal Polymer (LCP), while equal performance remains. Methods to overcome the intrinsic 
drawbacks of both the materials are discussed. Successful demonstrations are made up to 145 GHz of both LTCC and LCP 
packaged antennas. The 3D printing technology is eye-catching nowadays, while most focuses are on the non-metallic 3D 
printing technique. Here, we, for the first time, manage with successful demonstration to implement antennas by metallic 3D 
printing technology up to the H-band (220-325 GHz). Information are given on the design precautions and process-related 


surface roughness of the 3D printed antennas. 
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Presentation Outline 5 


1. Co-design of microwave passive and active components 
1.1 Co-design of 1.2 GHz oscillator with bandpass filters 


oe of G-band (140-220 GHz) on-chip antenna with reflection amplifiers and driving 
amplifiers 


2. Package and integration of mmWave antennas and circuits 


2.1 V-band (50-75 GHz) ee LP)/circularly-polarized (CP) grid array antennas on low 
temperature co-fired ceramics (LTCC) for antenna-in-package (AIP) applications 


2.2 A V-band scan beam array (SBA) fed by folded Butler Matrix 
2.3 A D-band (110-170 GHz) Quad Flat No-lead Package (QFN) packaged GAA on LTCC 
2.4 A D-band packaged GAA on Liquid Crystal Polymer (LCP) 
3. 3D printed mmWave and THz devices 
3.1 Introduction 
3.2 3D printed mmWave and THz deivces 
3.2.1 Dielectric 3D printed mmWave and THz devices 
3.2.2 Metallic 3D printed mmWave and THz devices 
3.3 Conclusions and future trends 
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1. Co-design of microwave passive and 
active components 
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1.1 Co-design of 1.2 GHz oscillator with bandpass filters 7 
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Schematic of the oscillator 
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*B. Zhang, W. Zhang, R. Ma, X. Zhang, and J. Mao, “A co-design study of filters and oscillator for low phase noise and high harmonic rejection,” 
ETRI Journal, vol. 30, no. 2, pp. 344-346, Apr. 2008. 


Output power (dBm) 





Simulated output harmonics 





|O Before co-design 
A After co-design 





Harmindex 


Measured output harmonics 


16 dB and 20 dB harmonic suppression improvement for 2nd and 3rd harmonics! 


Phase noise (dBc/Hz) 





Phase noise (dBc/Hz) 
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18 dB phase noise improvement! 


1.2 Co-design of G-band (140-220 GHz) on-chip antenna with 











reflection amplifiers and driving amplifiers 9 
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Teledyne 250nm DHBT InP process 
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*M. Bao, B. Zhang, and Y. Li, “An active antenna”, WIPO 13710871.8-1812. 
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The driving amplifier 
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Layout of the antenna with co- 
designed amplifiers 
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Radiation patterns at 200 GHz E- and H-planes 


SICHUAN UNIVERSITY 





2. Package and integration of mmWave 
antennas and circuits 
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2.1 V-band LP/CP GAAs on LTCC for AiP applications 13 


Statistics on 60-GHz antennas from IEEE Xplore 


® Microstrip patch ® Dipole & Monopole ® Yagı ® Slot ® Grid array ® Others e e ieee 


substrates from different vendors that compatible with 


i : the PCB process; 
; . j 7 r Others: includes sillica, glass, quartz, ceramic, foam, 
; : | ] * polymer, resin and MEMS based antennas. 
3 i : Silicon For antenna classifications: 
Microstrip patch: also includes microstrip patch 
array; Dipole & monopole: also includes dipole or 
monopole array; 
yA Others: include antennas like lens, PIFA, IFA, cavity 
LT © C antenna, horn antenna, waveguide antenna. 


laa 1980 1985 1990 1995 2 2010 
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The history of grid array antenna 
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The first grid array antenna (GAA) was 
from J.D. Kraus in 1964: 


¢ Non-resonant antenna 
¢ Fed at the edge of the antenna 


e The direction of the pattern 1s 
dependent upon the input signal’s 
frequency, resulting in 30 degree 
beam scan flexibility 


Kraus’ GAA (AX 2 N | x ¥ 


SICHUAN M 
*J. D. Kraus, “A backward angle-fire array antenna,” IEEE Trans. Antennas Propagat., vol. 12, pp. 48-50, Jan. 1964. 


Conti’s GAA: 
e Resonant antenna 


e Four grid arrays were adopted 
for mono-pulse radar 


¢ The aperture was tapered to 
control side lobe level 


Conti’s GAA 


*R. Conti, J. Toth, T. Dowling, and J. Weiss, “The wire-grid micrstrip antenna,” IEEE Trans. Antennas Propagat.., vol 29, pp. 157-166, Jan. 1981. 
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Nakano’s GAA: 


(a) Dual polarizations 

(b) Meandering, high gain (21.1 dBi) 

(c) Circular polarization 

(d) Dual linear polarizations and circular polarization (with C- 
figured element) 


*H. Nakano, I. Oshima, H. Mimaki, K. Hirose, and J. Yamauchi, “Center-fed grid array antennas,” in Proc. IEEE Int. Symp. Antennas. Propagat., vol. 4, pp. 

2010-2013, 1995. [A > 
H. Nakano and T. Kawano, “Grid array antennas,” in Proc. [IEEE Int. Symp. Antennas Propagat., vol. 1, pp. 236-239, 1997. Cy: I? | ] | F y, 
T. Kawano and H. Nakano, “Grid array antenna with c-figured elements,” in Proc. IEEE Int. Symp. Antennas Propagat., vol. 2, pp. 1154-1157, 1998. a iil £ > f 
T. Kawano and H. Nakamo, “Cross-mesh array antennas for dual LP and CP waves,” in Proc. IEEE Int. Symp. Antennas Propagat., vol. 4, pp. 2748-2751, XG wee SICHUAN UNIVERSITY 
1999, 








Zhang and Sun’s GAA 


Zhang and Sun’s GAA: 

*The first 60-GHz GAA 

¢The GAA was transformed into a standard package 

Low temperature co-fired ceramic (LTCC) was used as antenna substrate and package 


*M. Sun, Y. P. Zhang, Y. X. Guo, K. M. Chua, and L. L. Wai, “Integration of grid array antenna in chip package for highly integrated 60-GHz radios ,” 
IEEE Antennas Wireless Propagat. Lett., vol. 8, pp. 1364-1366, Jan. 2010. 
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Analysis and synthesis of grid array antenna 
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¢ Radiating array: 0.017 mm thick 
copper 


¢ Substrate: Rogers TMM4, relative 
SS è permittivity = 4.5, loss tangent = 
Ay 0.002, h = 0.254 mm, a= b= 15 mm 


¢ Ground: 0.017 mm thick copper 


e Feeding: coaxial cable through 
ground and substrate (p = 0.25mm, 
d = 0.5mm) 





Typical structure of a microstrip (MS) GAA 
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*B. Zhang and Y. P. Zhang, “Analysis and synthesis of millimeter-wave microstrip grid array antennas,” IEEE Antennas Propagat. Mag., vol. 53, no. 6, ppv 
42-55, Dec. 2011. 
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Frequency (GHz) 


a: (52 GHz): non-resonance 
b: (57 GHz): series-resonance 


c: (60 GHz): parallel-resonance 
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[S41] (dB) 


Matching and gain 
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Frequency (GHz) 


50 52 54 56 58 60 62 64 66 68 70 


Frequency (GHz) 
a: -8.85 dB a: 7.26 dBi 
b: -2.86 dB b: 8.92 dBi 
c: -16.29 dB c: 14.12 dBi 
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Radiation patterns and current distribution at 52 GHz (non-resonance) 
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Radiation patterns and current distribution at 57 GHz (series-resonance) 
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Improved, 
but still not equally distributed 
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Radiation patterns and current distribution at 60 GHz (parallel-resonance) 
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Division of the large radiating array into four sub grid arrays 
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Radiation patterns of the un-divided and divided array 
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57 GHz 60 GHz 64 GHz 
Radiation patterns of the GAA with single radiating array 


Divided: Y 
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Design of the ee GAA 
a 26 


ts, 


/=2s=2.24mm 
~h, @ 60 GHz 
w,= w, = 0.12 mm 





ts, 
gnd, 
ts; 
=e) 0 
ts, 
gnd, 
0-180° 567 o 8o 8-180° 





ts; 


Brown: 10 um Au 
Green: Ferro A6M LTCC (e, = 5.9, tan 6 = 0.002) 


ts; = ts; = 0.1 mm, ts, = 0.4 mm, ts ; = ts, = 0.4 mm 


final dimensions 15 X mm X15 mm X1 mm 
*B. Zhang and Y. P. Zhang, “Grid array antennas with subarrays and multiple feeds for 60-GHz radios,” JEEE Trans. Antennas Propag., vol. 60, no. 5 
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pp. 2270-2275, May 2012. 
B. Zhang, D. Titz, F. Ferrero, C. Luxey, and Y. P. Zhang, “Integration of quadruple linearly-polarized microstrip grid array antennas for 60-GHz 


antenna-in-package applications,” JEEE Trans. Comp. Packag. Manuf. Technol., vol. 3, no. 8, pp. 1293-1300, Aug. 2013 


Zoomed view of the transition 





Parallel-plate mode distribution vs. the number of fencing vias 








No fencing via: 2 fencing vias: 














4 fencing vias: 7 fencing vias: 


Parallel plate mode 
effectively 
Suppressed! 
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Top view 


Fabricated antenna 





Bottom view 
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Simulated antenna’s performance vs. the number of fencing vias 
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Frequency (GHz) 
D The gain increases with the number of 
Impedance bandwidth is not fencing vias for less power is dissipated by 
much affected by the number the parallel-plate mode 
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Measured performance 
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Simulated Imp. BW: 54 -— 66 GHz 
Measured Imp. BW: 50 — 65.6 GHz 
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Frequency (GHz) 
Simulated performance: 


Maximum gain 16.3 dBi @ 60 GHz 

3-dB gain BW 57 — 66 GHz 
Measured performance: 

Maximum gain 15 dBi @ 62 GHz 





Measured performance 
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Vertical beams in the broadside direction from 55 — 67 GHz. 





Design of the linearly-polarized GAA 
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[= 2s = 2.24 mm 
















~ Às @ 60 GHz 
wl = w, = 0.12 mm 
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8-180° +=; st 8-270° 
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Z 
Sa 
a . ; 
apa 
Brown: 10 um Au 
Green: Ferro A6M LTCC (e, = 5.9, tan 6 = 0.002) is > 
ts; = ts, = 0.1 mm, ts, = 0.4 mm, ts 3, = ts, = 0.2 mm, final dimensions 15 X mm X15 mm X0.9 mm g 
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*B. Zhang, Y. P. Zhang, Diane Titz, Fabien Ferrero, and Cyril Luxey, “A circularly-polarized array antenna using linearly-polarized sub grid arrays for 
highly-integrated 60-GHz radio,” IEEE. Trans. Antennas Propagat., vol. 61, no. 1, pp. 436-439, Jan. 2013. 
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Subarray sensitivity analysis vs. feeding phase and amplitude 


Phase I Phase II Phase HI Phase IV Amp H Amp H Amp MI Amp IV 
(degree) (degree) (degree) (degree) (dB) (dB) (dB) (dB) 
0—90 
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Case 1 0-180 0-270 

Case 2 0 0—90 0-180 0-270 a a-1 a-2 a-3 
Case 3 0 0—90 0-180 0-270 a a-2 a-4 a-6 
Case 4 0 0-100 0-200 0-300 a a a a 
Case 5 0 0-110 0-220 0-330 a a a a 
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The axial ratio is sensitive while the gain is not. 


Fabricated antenna 


Top view 








Bottom view 
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Axial ratio (dB) 





Measured performance 
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Frequency (GHz) Frequency (GHz) Frequency (GHz) 
Simulated performance: 
Maximum gain 15.8 dBi @ 60 GHz 
Simulated AR BW: 56.6 — 64 Simulated Imp. BW: 55.2 — 65.3 3-dB gain BW 58 — 65 GHz 
GHz GHz Measured performance: 
Measured AR BW: 50 — 67 GHz Measured Imp. BW: 57.2 — 67 Maximum gain 13 dBi @ 61 GHz 
GHz 


3-dB gain BW 59.1 — 67 GHz 
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Vertical beams in the broadside direction from 57 — 67 GHz. 


Measured performance 
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2.2 A V-band SBA fed by folded Butler Matrix 38 


Exploded view 






Schematic 


45° delay line =- 
phase shifter 


Brown: 10 um Au 

Green: Ferro A6M LTCC (e, = 5.9, tan 6 = 0.002) 
ts; = 0.3 mm, ts, = ts; = ts, = ts; = 0.2 mm 
patch antenna separation = 2.5 mm = 0.5 4, @ 60 GHz 
final dimensions: 12 mm X 5.5 mm X 1.1 mm 


*B. Zhang and Y. P. Zhang, “A scan beam array fed by folded Butler Matrix on LTCC for 60 GHz integrated radios,” in Proc. IEEE. Antennas 
Propagat. Soc. Int. Symp., Spokane, WA., Jul. 2011, pp. 1-4. 
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Measured performance 
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Peak Realized Gain (dBi) 
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E l Frequency (GH 
Maximum gain: a ei 


8.5 dBi @ 62 GHz when port | or 4 excites 

7.6 dBi @ 60 GHz when port 2 or 3 excites 
3-dB gain BW: 

57 - 65 GHz (13.3%) when port 1 or 4 excites 

57 - 64.7 GHz (12.8%) when P 2 or 3 excites 
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57 GHz 


+ 8° (7.2 dB side lobe level) 
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+ 51° (5.0 dB side lobe level) 
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Measured performance 
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60 GHz 
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64 GHz 


+ 12° (9.1 dB side lobe level) 


when port 1 or 4 excites 


+ 36° (4.2 dB side lobe level) 


when port 2 or 3 excites 
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2.3 A D-band QFN packaged GAA on LTCC At 


Target: to design and implement a antenna-integrated QFN package of the D-band InP MMIC 
from 141-148.5 GHz 


| Gold stud bumps 
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Heat sink on 
OFN package 


Signal pad Thermal epoxy 
Heat sink on 

mother 

board 
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detector,’ JEEE Trans. Comp. Packag. Manuf. Technol., vol. 5, no. 8, pp. 1060- 1068, Aug 2015 





Design and integration of the D-band GAA on LTCC with InP MMIC 
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Brown: 6 um Au 
Green: Ferro A6M LTCC (eg, = 5.9, tan 6 = 0.002) 
sub, = 0.192 mm, sub, = sub; = 0.096 mm, sub, = 0.096 mm, final dimensions 12 X mm X12 mm X 0.48 mm 





Parallel plate mode suppression within the package 
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Parallel plate mode effectively 
suppressed! 


Not opened GND2 
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Measured antenna performance 
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- - - - Simulated with tolerance 
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ana Simulated performance: maximum gain 18.8 dBi @ 149 GHz, 
Simulated Imp. BW: 139 — 153 GHz 3_qp gain BW 140 — 151 GHz 


Measured Imp. BW: terrible Measured performance: maximum gain 17.6 dBi @ 146 GHz, 
3-dB gain BW 140- 149 GHz 
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Radiation patterns at 145 GHz on E- and H-planes 


Fabrication tolerance analysis 


Not well-controlled screen printing 


—s m = —_— 
= = 
= -a 


p= i iT 
i nT m= sp Je a 
l Pi A 


Designed: wp=58 um, g1=g2=35um 


Fabricated: wp=46 um, g1=44 um, g2=46 um 


Misaligned stacked vias 


PPM absorber 





Via diameter 100 um 
Via misalignment at least 50 um 





45 


PINKY 


SICHUAN UNIVERSITY 


Wire bonding test 
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Peel-off of the 64m gold when bonding 
wedge lift 
Peel-off force: 7 gram y 
Industry standard: 3 gram a n| rf ¥ 
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Integration of GAA with D-band InP MMIC 


Ibias 






Input 
Output 





A detector 


A five-stage LNA 
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S-parameters (dB) 


Modeling of the D-band bond wires 


R=10.5Q0 L=45 pH 
Port 1 et See ee ae Port 2 
| c= ts [c2= 101r 


—— |S21| HFSS Model 
- - - |[S21| RLC Model 
—— |S] 1| HFSS Model 
- - - |S] 1| RLC Model 




















Frequency (GHz) 


Simulated average 1 dB insertion loss 3 
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Measured frequency response of the antenna+detector 


Responsivity (V/W) 


Responsivity (V/W) 


0— 
-60) 


-60 


-50 





Measured without antenna 
= = = Measured with antenna 





-50 -40 -30 -20 -10 


Input power (dBm) 


@141 GHz 


— Measured without antenna 
— — - Measured with antenna 


-40 -30 -20 -10 
Input power (dBm) 


@146 GHz 








S21] (dB) 


-4 


-5 
140 142 144 146 148 150 
Frequency (GHz) 


Measured frequency response of the bond 


wire transition, average 2 dB 
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Top antenna 





The whole D-band QFN package 







Goid stud bumps 
Cc antenna e epoxy 
e R ~ | ignal pad 
_—_— — 4 


QFN box 


thermal epoxy 
Pral vias 





xl 


mother board 


/ 






Thermal vias 
Signal pad Thermal epoxy Heat sink on 
Heat sink on QFN peckage 
mother 
board 


Bottom box 2 
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2.4 A D-band GAA on LCP 


coppert+ASIG 














feeding via 
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a adhesive 
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we — adhesive 
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Simplified structure 
Low cost process 
High fabrication capability 
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Measured antenna performance 





"130 135 140 145 150 155 160 
Frequency (GHz) 


Simulated Imp. BW: 137 -— 152 GHz 
Measured Imp. BW: 136 — 157 GHz 


— Simulated Co 

--—- Simulated Cross 

--- Measured Co 

ai | Measured Cross 

-90 -60 -30 0 30 60 90 
Theta (degree) 


Realized gain (dB1) 





E-plane @ 145 GHz 


OML mmWave VN A 
extender (T/R module) 





probe 


—=—_—_— 


‘m — a 





AUT 





PNA-X VINA 


— Simulated 
--- Measured 


Peak realized gain (dBi) 


130 135 140 145 150 
Frequency (GHz) 





155 160 


Sim max gain:16.8dBi@149 GHz 
Meas max gain:14.5 dBi@146 GHz 


(dBi) 


Realized gain 


— Simulated Co 
=-=- Simulated Cross 
- - - Measured Co 


RRNA Measured Cross 


-90 -60 -30 0 30 
Theta (degree) 


H-plane @ 145 GHz 
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Fabrication tolerance analysis 
Surface roughness related Etching rate related 53 
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Attenuation versus surface roughness 
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Attenuation ratio 
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Ratio of raughness to skin depth 130 135 140 145 150 155 140 145 150 155 
Frequency (GHz) Frequency (GHz) 
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Peak realized gain (dBi) 
Peak realized gain (dBi) 















































The antenna’s performance is robust against fabrication tolerance! 





3. Metallic 3D printing technology of 
mmWave and THz applications 
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3.1 Introduction 


80: First patent application for RP 
technology was filed by Dr. Kodama, in 
Japan, in May 1980. 


86: The first patent was issued fo 
Charles Hull for stereolithography 


89: SES patent was issued foe Cari 
Deckard. 


90: EOS sold its first “Stereos” system. 


92: FDM patent was issued to 
Strarasy s. 


96: Sanders Prototype (later 
Solidscape) and 2ZCorporation were set 


OF: Arcam was established. 


98: Objet Geometries launched. 


OO: MCP Technologies introduced the SLM 
technology. 


O4: Dr. Bowyer conceived the RepRap concept of 
an open source, self-repiicating 3D printer. 


O35: ExOne was established as a spin-off from the 
Extrude Hone Corporation. 


07: The first system under $10,000 from 3D 


09: The first commercially avaitiable 3D printer — 
in kit form, based on the RepRap concepit. 


I2: Alternative 3D printing processes were 
introduced atthe entry levelofthe marker. 


I3: Stratasys acquires Makerbor 








Redrawn from “The free beginner’s guide to 3D printing’, online: http://3dprintingindustry.com/3d-printing-basics-free-beginners-guide/ 
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3.2.1 Dielectric 3D printed mmWave and THz Device 


56 


Designs from University of Michigan Ann Arbor 









69.9 mm 





Waveruide Microstrip 
Transitions to TMMS3 Substrate 


Luneberg Lens [2]; 


Step Twist Waveguide 













aA c Waveguide Technique: CSLA (Ceramic 
— Hom Stereolithography Apparatus); 
Functional band: Ka-band; 
-Tit i Material: alumina; 
Straight Waveguide 70-0 mm a Performance: Maxi. 26 dBi gain @ 33 
Dual Polarized Horn Antenna s GHz, Gaussian beam; 
Year: 2007. 


SLA horn and transducer Machined metal holder 


L-Shaped Horn+Transducer [1]; 

Technique: SLA (Stereolithography Apparatus); 

Material: Emmerson and Cumming HiK dielectric powder; 
Frequency: Ka-band (26.5 — 40 GHz); 

Performance: 12 dBi, <-20 dB X-pol; 

Year: 2005. 
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Designs from University of Limoges 
of 


EBG Resonator [4]; 

Technique: USLA (Micro Stereolithography Apparatus); 
Material: alumina; 

Frequency: D-band (110-170 GHz); 

Performance: unloaded Q-factor 2500; 

Year: 2008. 


Bottom metallic plate 





WRIS connexion 


Top metallic plate 


Ceramic central part Air cavity 


EBG (Electromagnetic Bandgap) BPF (Bandpass Filter) [3]; 
Technique: CSLA ; 

Material: zirconia; 

Frequency: Ka-band; way 
Performance: central freq. 32. 94GHz, -3dB BW 1.03%, 7 
insertion loss 3dB, ripple 0.5 dB; Ag 

Year: 2007. 


EN eee 
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Designs from Queen Mary University of London 58 


EBG Lens [6]; 
Technique: CSLA ; 
eE S ETERN Material: alumina; 
EEREEEH E EIIEmENNIE Frequency: W-band; 


hipa d A a ia a ae ae c =i BE 
EUE-ERE™ Eves DeoopeeT cost reat eees pes 


Performance: -15 dB side lobe on E-plane, -10 
dB side lobe on H-plane; 
Year: 2008. 





EBG Structure [5]; 

Technique: CSLA ; 

Material: alumina; 

Frequency: W-band (75-110 GHz); 
Performance: bandgap 84-118 GHz; 
Year: 2007. 


ieee 
ae 


Pite 
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WPS (Wood Pile Structure) 
EBG [7]; 

Technique: PJ (Polymer 
Jetting) ; 

Material: acrylic polymer; 
Frequency: 600 GHz; 
Performance: fundamental 
EBG 180 GHz, 2"? EBG 278 
GHz, 37% EBG 372 GHz: 
Year: 2008. 


Designs from University of Arizona 


i a k 
l -U 
oro” 


"| ~~" * 
= _ 
a a a 


Jad 


Aor «| 
PERT 





Johnson EBG [7]; 

Technique: PJ; 

Material: acrylic polymer; 
Frequency: 350 GHz; 
Performance: fundamental EBG 
@ 223 GHz; 

Year: 2008. 
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Hollow-Core EXMT 
(Electromagnetic Crystal) 
Waveguide [8]; 

Technique: PJ ; 

Material: acrylic polymer; 
Frequency: G-band (140-220 GHz); 
Performance: propagation loss 0.03 
dB/mm @ 105 GHz; 

Year: 2011. 





Y mi Kz 


RG SICHUAN UNIVERSITY 





Designs from University of Arizona 
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Luneberg Lens [10]; 
Technique: PJ ; 

Material: acrylic polymer; 
Frequency: Q-band (33-50 GHz); 
Performance: N.A.:; 

Year: 2014. 

















Hollow-Core EXMT Horn [9]; 

Technique: PJ ; 

Material: acrylic polymer; 

Frequency: D-band (110-170 GHz); 
Performance: Maxi. gain 23 dBi@200 GHz; 
Year: 2012. 
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Waveguide [18]; 
Technique: SLA ; 
Material: resin; 
Frequency: W-band; 
Performance: 11 dB/m 
attenuation; 

Year: 2015; 





Designs from Imperial College London 


Waveguide [27]; 
Technique: RECILS ; 
Material: resin; 
Frequency: 0./75-1.1 THz; 
Performance: 0.64 dB/Ag 
attenuation; 

Year: 2017; 


BPF [18]; 

Technique: SLA ; 

Material: resin; 

Frequency: W-band; 
Performance: center frequency of 
107.2 GHz, 6.8 GHz passband, and 
0.95 dB insertion loss; 

Year: 2015; 
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IQ vector modulator [28]; 
Technique: Polyjet ; 

Material: resin; 

Frequency: 0.325-0.5 THz; 
Performance: 20 dB attenuation; 
Year: 2017; 


SICHUAN UNIVERSITY 





Other designs 





Lens [11]; 

Technique: CSLA ; 

Material: alumina; 

Frequency: V-band (50-75 GHz); 


Performance: Imp. BW. 55-65 GHz, maxi. Dir. 


21 dBi @ 64 GHz; 
Year: 2010, 
Institute: University of Rennes. 


Waveguide [12]; 
Technique: SLA; 
Material: UV-curable 
polymer; 

Frequency: W-band; 
Performance: averaged 
0.3 dB insertion loss; 
Year: 2011, 

Institute: Univ. 
Wisconsin-Madison. 
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Corrugated Horn [12]; 
Technique: SLA; 
Material: UV-curable 
polymer; 

Frequency: W-band; 
Performance: N.A.: 
Year: 2011: 

Institute: Univ. 
Wisconsin-Madison. 
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Other designs 63 


Reflectarrays [14]; 

Technique: PJ; 

Material: acrylic polymer; 

Frequency: W-band; 

Performance: maxi. gain 25 dBi @ 100 GHz; 
Year: 2014: 

Institute: Colorado School of Mines. 





Plasmonic Waveguide [13]; 
Technique: PJ; 

Material: acrylic polymer; 
Frequency: 1 Hz; 
Performance: N.A.: 

Year: 2013; 

Institute: University of Utah. 
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Other designs 
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The first successfully marketed 3D printed mmWave Lens [16]; 
devices!! Technique: SLA 
Material: N.A.: 


Frequency: H-band; 

Performance: maxi. gain 26.5 dBi @ 
268 GHz; 

Year: 2014: 

Institute: UESTC. 





Waveguide [15]; Diagonal Horn [15]; 
Technique: SLA; Technique: SLA; 

Material: photopolymer; Material: photopolymer; 
Frequency: H-band; Frequency: H-band; 
Performance: averaged 0.4 dB Performance: maxi. gain 26 dBi 
insertion loss ; @ 320 GHz; 

Year: 2014: Year: 2014: 

Institute: Swiss T012. Institute: Swiss T012. 
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Offset Stepped-Reflector 
Antenna [17]; 
Technique: SLA; 
Material: nylon; 
Frequency: Ka-band; 
Performance: maxi. Gain 
40.4 dBi @ 30 GHz; 

Year: 2015; 

Institute: Technical 
University of Denmark. 
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3.2.2 Metallic 3D printed mmWave and THz Device 









66 
Ku-band (10-16 2.5 GHz frequency X-band (8-12 GHz) 
GHz) corrugated selective surface Luneberg lens 
horn 
100 GHz dielectric W-band (75- -110 5 2 i 
reflectarray GHz) waveguide ie 2| t. ¥ 








Liquid 
/ Adhesive 
Supply 





Multichannel 
Powder Inkjet Printhead 
Spreading Roller 


Objecting Part 


zm 









_— Supporting 
Powder 
Powder 


Delivery 


Recycle Bin 


Feed Table 


Build Table 


Binder jetting and 
sintering 
316L stainless steel 


Yes, we can! 
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Scanner mirrors. 
ai Laser source 
x-y deflection sl X M 


Melt pool | 
Powder scraper. \ 


~fe lens 






Feed container 


Base plate / 


Build vlatfonn Overflow container 


Selective laser 
melting 
Cut5Sn 


hi m 

oe 
; S 
a $ 
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The only metallic 3D printed mmWave device before 2012. The reason for the rarity of metallic 3D 68 
printed mmWave and THz deivce is not technical, but business priority. The microwave industry is 
craving for dielectric 3D printed devices to be more durable, while metallic ones are ignored. 


= me i LAE 
eua rS 
eres Rg = 0.75um 
e'N, 
ez = à 


ae Rq = 1.25um 





80 90 100 110 
Frequency (GHz) 


Waveguide [19]; 

Technique: SLM (Selective Laser Melting); 
Material: Ti-6AI-4V; 

Frequency: W-band; 

Performance: averaged 2dB insertion loss; 
Year: 2012: 

Institute: Catholic University of Leuven. 
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In 2015, Zhang started a series of experiments on metallic 3D printed mmWave and THz devices, 
with the purpose to find the suitable “process+material” for device fabrication [20] [21] [29]. 69 


316L stainless steel + Cu-145Sn + selective 
binder jetting laser melting 


! Gold | Manually old 
treatment electroplated polished electroplated 


Phase I 


E-band D-band 
waveguide waveguide 


Phase IT 


Cost comparison": 

Antenna print 

Manual polish 

Gold electroplating ---- $$ 
MMP treatment $S 


*Neglecting the technician training cost. 


E-band 
bandpass filters 


Phase Ill 





E-band radio 


a frontend 
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316L stainless steel 


316 stainless steel 


800 


© Ferrite 
o Austenite 


Intensity (c/s) 


600 


400 


200 





40 60 80 100 120 140 160 
20 ©) 


XRD pattern 





Microstructure 


*B. Zhang, Z. Zhan, Y. Cao, H. Gulan, P. Linnér, J. Sun, T. Zwick, and H. Zirath, “Metallic 3D printed antennas for millimeter- and submillimeter-wave 


applications,” IEEE Trans. THz Sci. Technol., vol. 6, no. 4, pp. 592-600, Jul. 2016. 
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V-Band 3D printed horn 
antennas 11 





Manually polished 


Raw SS Cut5Sn 
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Gold plated MMP SS Gold plated MMP Cu15Sn ‘(fh 
SS Cu15Sn Qing 


Measured inner surface roughness of 3D printed V-band horns 72 


V-band horns 


Inner surface 
photos 


Inner surface 
profiles 


Our choice for the following experiments, 
balancing the cost and performance. 





3D printed V-band antenna loss vs. surface roughness 13 
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printed E-, D- and H-band antennas 


OML 
mmW ave 
VNA extender 
(T/R module) 
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From top: E-, D- and H-band antennas Far-field measurement setup 
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Performance of the 3D printed E-band horn antenna 
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Radiation patterns at 75 GHz on E- and H-planes 
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Performance of the 3D printed D-band horn antenna 
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Radiation patterns at 145 GHz on E- and H-planes et 
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Performance of the 3D printed H-band horn antenna 
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Fabrication tolerance analysis of the 3D printed antennas 





TABLE II | TABLE III 
a 2 SS a MEASURED DIMENSIONS OF THE ANTENNAS 
3 aa — SS prn Variables E-Band D-Band H-Band 
ax b 3.10=1.50  1.700.83 0.86~0.43 ee es 
(WR-12)  (WR-06) (WR-03) ax b 3.02x1.55  1.73x0.82 0.88x0.43 
e 7.22 5.74 4.88 e 7.16 5.68 4.77 
d 36.30 21.34 12.80 d 35.50 21.04 12.61 
f 87.33 50.84 30.68 f 86.20 50.28 30.05 
g a na 0.88 s 1.84 1.82 1.84 
h 2.50 2.00 2.05 =n 
I 75.41 39.56 19.31 0 i i 
s 2.00 2.00 2.00 5 Ye d | t | 
i = ripe = t9% dimensional tolerance 
; j AD J N A * 
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Aperture 46.20 %% 44.60 % 42.63% 
tticiency 





Fabrication tolerance analysis of the 3D printed antennas 


D-band WR-06 H-band WR-03 


3D printed 





ot too bad 


Antenna loss (dB) 


3D printed antenna loss vs. frequency 
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*B. Zhang and H. Zirath, “Metallic 3D printed rectangular waveguides for millimeter-wave applications,” IEEE Trans. 
vol. 6, no. 5, pp. 796-804, May 2016. 
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Comparison of D-band 3D printed with commercial waveguides 





— 50 mm SLM 

— 100 mm SLM 

— 127 mm commercial 
— 254 mm commercial 
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50 mm 3D printed 
<— 100 mm 3D printed 


12/ mm 3D commercial 


<— 254 mm 3D commercial 


— 50 mm SLM 

— 100 mm SLM 

— 127 mm commercial 
— 254 mm commercial 
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Comparison of D-band 3D printed with commercial bends 
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| 
axb 
3 


=a X b 
li 
DESIGNED DIMENSIONS OF 3D PRINTED WAVEGUIDES 
Dimensions E-band D-band H-band 
(mm) 
axb 3.10x 1.5 1.7x0.83 0.86 0.43 
(WR-12) (WR-06) (WR-03) 
li 50 50 50 
l2 100 100 100 


[> 


FABRICATED DIMENSIONS OF 3D PRINTED WAVEGUIDES 


Dimensions E-band D-band H-band 
(mm) 
axb 3.03 x 1.55 1.73x 0.82 0.88 = 0.45 
li 50.12 50.35 50.30 
l> 100.92 100.90 100.65 
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Comparison of metallic, dielectric 3D printed and commercial waveguides 


Waveguide Frequency Technology Materials Split Attenuation (dB/m) Reference 
standard (GHz) block 


Straight waveguide length 


25 mm 50 mm 60 mm 100mm 127mm 254 mm 





WR-12 60-90 SLM Cu-15Sn No - 7.51 - 7.76 - - © This work 
(E-band) 

WR-10 75-110 SLA Plastic Yes - - 11 - - - [18] 
(W-band) 

WR-06 110-170 SLM Cu-155n No - 18.96 - 21.47 - -okay 
(D-band) chines 

WR-06 110-170 - Metal No - - - - 9.67 11.62 Commercial 
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Designed: 

81 - 86 GHz 

Average 1.5 dB passband insertion loss 
90 dB stopband attenuation 

Measured: 

84 — 90 GHz 

Average 3 dB passband insertion loss 
50 dB stopband attenuation 
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Beam Size: Nozzle Movement Control of the 


Electron/Laser/UV Beam 


Size 
Dimensional L 
Tolerance in 
3D Printing aX 
Thermal Shrinkage (in 
Material Particle Size; Sintering/Post 
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Comparison of 3D printed and commercial waveguide flanges 
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Bumpy surface 
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Electron/Laser/UV Movement Control of 
Beam Size; Nozzle the Electron/Laser/UV 
Size Beam 


Surface "4 


Roughness 


in 3D XW 
ya Printing 


Gaussianity of the 


material Boruc Electron/Laser/UV 
Size; Filament Size aa 
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3.3 Future trends 
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1. Material powder refinement? ...... Maybe not. 
2. Development of surface treatment process...... Definitely necessary. 
3. Development of hybrid dielectric 3D printed mmWave and THz devices...... Now we have it. 


w 


bo 
A 3D printed toy with E) 
two different materials ~~ 





4. Development of hybrid “dielectric+metallic’ 3D printing technology....... Challenging. 
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